The low energy scale linear seesaw mechanism responsible for the generation of the tiny active neutrino masses, is implemented in the economical 3-3-1 model, where the gauge symmetry is supplemented by the A4 flavor discrete group and other auxiliary cyclic symmetries, whose spontaneous breaking produces the observed pattern of SM charged fermion masses and fermionic mixing parameters. Our model is consistent with the low energy SM fermion flavor data. Some phenomenological aspects such as the Z production at proton-proton collider and the lepton flavor violating decay of the SM-like Higgs boson are discussed. The scalar potential of the model is analyzed in detail and the SM-like Higgs boson is identified.
other auxiliary cyclic symmetries and the scalar sector is enlarged by the inclusion of several gauge singlet scalars, charged under the different discrete symmetries. Our model successfully addresses the observed pattern of the SM fermion masses and mixings, which is caused by the spontaneous breaking of the different discrete group factors of the model. In the proposed model, the tiny values of the active neutrino masses are generated from a linear seesaw mechanism. It is worth mentioning that in our model has the U (1) X charges assignments of the left handed SU (3) L triplets of quark fields are different than in the model of Ref. [41] . Thus we have two exotic down type quarks and one exotic up type quarks whereas the model of Ref. [41] has two exotic up type quarks and one exotic down type quark. In addition, whereas in our model the small masses for the active neutrinos are produced from a linear seesaw mechanism, in the model of Ref. [41] they are generated from a type I seesaw mechanism. In this work we study the SM fermion masses and mixings as well as the implications of our model in lepton flavor violating Higgs decays as well as in the LHC production of the extra heavy neutral gauge boson Z and its detection in the dimuon channel. In Ref. [41] , the extra fermion lying in the bottom of the lepton triplet is the charged lepton instead of the right-handed neutrino, which is the field of the third component of SU (3) L leptonic triplet in our model. On the other hand, the discrete symmetry is a powerful tool to explain the observed pattern of SM fermion masses and mixing angles. This is a reason why discrete symmetries such as A 4 [31, 39, , S 3 [12, [19] [20] [21] , S 4 [10, 64, , ∆ (27) [42, , etc, have received a lot interest by the model building community. The aim of this work is to study the economical 3-3-1 model combined with discrete symmetry A 4 to realize the linear seesaw mechanism and to explain the current SM fermion mass and mixing pattern. It is worth mentioning that the linear seesaw mechanism has an advantage of being testable at the LHC since the sterile neutrinos have TeV scale masses as in the inverse seesaw mechanism discussed in Ref. [178] . This is a reason why the linear seesaw mechanism [94, 94, [179] [180] [181] [182] [183] [184] [185] [186] is implemented here. In this work we will focus on neutrino sector of the above mentioned model. It is worth mentioning that, in this model, some quarks and scalar fields carry lepton number. Consequently, the above character leads to flavor lepton number violating decay modes of the SM-like Higgs boson which attracts our interest. Let us note that in the economical 3-3-1 model, both neutral components of the χ triplet, namely, its entries at the top and bottom are allowed to have vacuum expectation value (VEV); and this leads to mixing between the SM W ± boson and the new heavy bilepton gauge boson Y ± . In this paper, only one component of χ, namely, χ 0 3 is allowed to have VEV. Therefore there is no such mixing. The Higgs sector is considered in details and the 126 GeV SM-like Higgs boson is identified. The SM consists of a small part of lepton number violation, therefore we will consider this effect. The further plan of this work is organized as follows. In Sect. II, the fermionic as well as the scalar sectors are introduced. The scheme of spontaneous symmetry breaking (SSB) and the Yukawa couplings are presented. By the way, the limit on the VEV of the SU (3) L is deduced. Sect. III is devoted to the quark masses and mixings, while Sect. IV is devoted to those of leptons. There we will focus on neutrino masses and mixings. In Sect. VI, the flavor lepton number violating decay is considered. In the last section -section VII, we summary our result and discuss the consequences. In Appendix A, the discrete group A 4 group characters are presented. The Higgs sector is in details presented in appendix B. The analytic formulas of one-loop contributions to the lepton flavor violating decay amplitudes of the SM-like Higgs boson were collected in appendix C. Couplings of neutral gauge bosons Z and Z to fermions are given in appendix D.
II. THE MODEL
We propose a 3-3-1 model where the scalar sector is composed of two SU (3) L scalar triplets and seven SU (3) L scalar singlets and the fermion sector corresponds to the one of the 3-3-1 models with three right handed Majorana neutrinos. In our model the SU (3) C × SU (3) L × U (1) X gauge symmetry is supplemented by the A 4 × Z 8 × Z 14 × Z 22 discrete group, so that the full symmetry G exhibits the following three-step spontaneous breaking:
where the different symmetry breaking scales satisfy the following hierarchy
In the 3-3-1 model under consideration, the electric charge is defined in terms of the SU (3) generators and the identity by:
where we have chosen β = − 1 √ 3 (without non SM electric charges), which implies that bottom component of the SU (3) L lepton triplet is a neutral field ν C R thus allowing to build the Dirac matrix with the usual field ν L up the top of the lepton triplet. Adding gauge singlet right handed Majorana neutrinos N iR (i = 1, 2, 3) will allow to implement a low scale seesaw mechanism (which could be inverse or linear) to generate the masses for the light active neutrinos. These low scale seesaw mechanisms are attractive explanations for the smallest of neutrino masses because they can be testable at the LHC since the sterile neutrinos have TeV scale masses. Let us note that if the TeV scale sterile neutrinos are found at the LHC, the 3-3-1 models with β = − 1 √ 3 can be very strong candidates for unraveling the mechanism responsible for electroweak symmetry breaking. The cancellation of chiral anomalies implies that number of triplets equals that of antitriplets, so that quarks are unified in the following SU (3) C × SU (3) L × U (1) X left-and right-handed representations [2, 7, 9, 187] :
Furthermore, the requirement of chiral anomaly cancellation constrains the leptons to the following SU (3) C ×SU (3) L × U (1) X left-and right-handed representations [2, 7, 187] :
In the present model the fermion sector is extended by introducing three right handed Majorana neutrinos, singlets under the 3-3-1 group, so that they have the following SU (3) C × SU (3) L × U (1) X assignments:
In the Ref. [41] where β = + 1 √ 3 , the third component of lepton triplet is an extra charged leptons. We assign the scalar fields in the following SU
The scalar assignments under the A 4 × Z 8 × Z 14 × Z 22 discrete group are summarized in Table I .
In what follows we briefly describe the gauge sector of our model. Let us denote
where Y ± and X 0 are bilepton gauge bosons. With the above Higgs structure, the gauge bosons get masses given by [188] : and v η = v = 246 GeV, as expected. From (6) it follows a splitting of gauge boson masses
The oblique T , S and U parameters in 3-3-1 models have been studied in detail in Ref. [189] . It has been shown in Ref. [189] that the bilepton gauge boson contributions to the oblique S and T parameters are constrained to be in the ranges −0.085 S 0.05, −0.001 T 0.08, respectively. In the scenario where the mixing angles between the exotic and the SM quarks are small, which is the the case in our model, the exotic quark contributions to these oblique parameters are very subleading since they are suppressed by the square of the small mixing angles. Consequently, the dominant contributions to the oblique S and T parameters are the ones arising from the bilepton gauge bosons Y ± and X 0 . Notice that the aforementioned range of values for the S and T parameters allow to have a region of the model parameter space where the obtained values for these oblique parameters are inside the experimentally allowed region of Ref. [190] enclosed by the ellipses in the S − T plane. The fermion assignments under the A 4 × Z 8 × Z 14 × Z 22 discrete group are summarized in Table II . We assume the following VEV pattern for the A 4 triplet SM singlet scalars ξ, ζ, ρ, ϕ and φ:
which are consistent with the scalar potential minimization equations for a large region of parameter space, as shown in details in Refs. [39, 170] . With the above particle content, the relevant Yukawa terms for the quark and lepton sectors invariant under the group G, respectively, are:
where the dimensionless couplings in Eqs. (9) and (10) are O(1) parameters. In addition to these terms, the symmetries unavoidably allow the following terms:
These terms will generate very small mixing angles of the third generation SM up and down type quarks with the exotic quarks. Such mixing angles are of the order of λ 5 and λ 11 (being λ = 0.225), for the up and down type quarks, respectively, thus allowing us to safely neglect these strongly suppressed corrections, which will not be considered in our analysis. Furthermore, as it will shown in Sect. III, the quark assignments under the different group factors of our model will give rise to SM quark mass textures where the CKM quark mixing angles only arise from the down type quark sector. As indicated by the current low energy quark flavor data encoded in the standard parametrization of the quark mixing matrix, the complex phase responsible for CP violation in the quark sector is associated with the quark mixing angle in the 1-3 plane. Thus, the Yukawa coupling y (D) 13 in Eq. (9) is required to be complex in order to successfully reproduce the experimental values of the quark mixing angles and CP violating phase. Besides that, in order to successfully reproduce the experimental values of the leptonic mixing parameters, we will also assume that the y (L) 2 and y (L) 3 parameters are complex. In the following we provide the reason for introducing the different discrete group factors in our model. We introduce the A 4 and Z 14 discrete groups with the aim of reducing the number of model parameters, thus making our model more predictive. In addition, these discrete groups allow us to get predictive and viable textures for the fermion sector capable of successfully explaining the observed pattern of fermion masses and mixing angles, as will be shown in Sects. III and IV. The A 4 and Z 14 discrete groups select the allowed entries of the mass matrices for SM quarks. The Z 8 discrete symmetry separates the A 4 scalar triplet ξ participating in the charged lepton Yukawa interactions from the remaining A 4 scalar triplets. The Z 14 discrete symmetry separates the A 4 scalar triplet ζ participating in the Dirac neutrino Yukawa interactions from the A 4 scalar triplet ξ appearing in some of the neutrino Yukawa interactions involving the right handed Majorana neutrinos N iR (i = 1, 2, 3). Let us note that the different A 4 × Z 14 × Z 22 charge assignments for the quark fields shown in Table II give rise to a CKM quark mixing matrix solely emerging from the down type quark sector. The spontaneous breaking of the Z 14 × Z 22 discrete group yields the hierarchical structure of the SM charged fermion mass matrix and quark mixing angles. Furthermore, the Z 22 symmetry is the smallest cyclic symmetry allowing one to construct a Dirac Yukawa term L η d χ e ζ Λ 2 operator, necessary for obtaining the required λ 19 suppression (where λ = 0.225 is one of the Wolfenstein parameters) crucial for natural explanation of the smallness of the Dirac neutrino mass matrix and thus of the light active neutrino masses, as it will be explained in more details in Sect. IV. Thus, in view of the above, the hierarchy among charged fermion masses and quark mixing angles is caused by the spontaneous breaking of the A 4 × Z 14 × Z 22 discrete group. Consequently, the quark masses are related with the quark mixing angles and we therefore set the VEVs of the scalar fields η, χ, σ, ξ j , ζ j (j = 1, 2, 3) with respect to the Wolfenstein parameter λ and the model cutoff Λ, as follows:
III. QUARK MASSES AND MIXINGS
From the quark Yukawa interactions given by Eq. (9) we find that the SM mass matrices for quarks take the form:
where a
Here v = 246 GeV is the scale of electroweak symmetry breaking. Furthermore, due to the different A 4 × Z 14 × Z 22 charge assignments for the quark fields, the exotic quarks do not feature mixings with the SM quarks and thus the exotic quark masses are:
As seen from Eq. (12), the model has ten physical parameters, allowing one reproduce any value of ten observables: six quark masses, three mixing angles and one Jarlsckog CP invariant shown in Table III . The corresponding values of the model parameters are:
An important feature of the above result is that the absolute values of all a-parameters are of the order of unity. Thus, the symmetries of our model allow us naturally explain the hierarchy of quark mass spectrum without appreciable tuning of these effective parameters. Table III : Model benchmark scenarios S-4, S-3, S-2 with four, three and two free parameters, respectively, as well as experimental values of the quark sector observables from Ref. [191] .
Another observation about the set of values given in Eq. (14) is that it shows rather particular pattern: some of them are practically equal between each other. This fact suggests to consider the following simplified benchmark scenarios with a limited number of the free parameters:
S-4 (4 free parameters): a
Best-fit values: a 
Best-fit values: a
S-2a (2 free parameters): a
As seen from Table III , all the quark observables are reproduced with a reasonable precision even in the 2-parameter scenarios S-2a and S-2b. This result hints that the model framework allows introduction of certain extra symmetries significantly reducing the number of free parameters. This possibility will be studied elsewhere.
IV. LEPTON MASSES AND MIXINGS
In order to show that our model is able to provide a good fit to the experimental data on lepton masses and mixing angles let us consider a particular benchmark scenario where:
Then, the charged lepton mass matrix takes the form:
where the charged lepton masses are:
Note that the charged lepton masses are linked to the scale of electroweak symmetry breaking through their power dependence on the Wolfenstein parameter λ, with O(1) coefficients. Furthermore, from the lepton Yukawa terms given in Eq. (10) it follows that our model does not feature flavor changing leptonic neutral Higgs decays at tree level. For the neutrino sector we find from the Eq. (10) the following neutrino mass terms:
where ν iR ≡ ((ν c ) L ) C corresponding to the third components of the lepton triplet introduced in Eq. (4). The A 4 family symmetry of the model constrains the neutrino mass matrix to be of the form:
with
are the sterile neutrino mass matrices. Explicitly we have
The experimental values of charged lepton masses, the neutrino mass squared splittings, the leptonic mixing parameters and Dirac CP violating phase can reproduced for the normal ordering (NO) of the neutrino mass spectrum with the following values of the model effective parameters. 
As seen from Table IV , the deviations of the model values from the experimental ones are within ∼ 1σ. Again, akin to the quark sector, the absolute value of the effective dimensionless parameters a (l) , x are of the order of unity. We interpret this fact in a way that the lepton mass hierarchy is explained on account of the model structure, symmetries and field content, without unnatural tuning these effective parameters.
Using the values from Eq. (28), we find for the PMNS leptonic mixing matrix:
where R ν is the rotation matrix that diagonalizes the light active neutrino mass matrix M
ν . Such neutrino mass matrix cannot be diagonalized in an analytical closed form and for this reason we do not show the expression for R ν , which is numerically determined. Let us consider the effective Majorana neutrino mass parameter
where U ej and m ν k are the the PMNS leptonic mixing matrix elements and the neutrino Majorana masses, respectively. The neutrinoless double beta (0νββ) decay amplitude is proportional to m ββ . With the model best fit values in Table IV we find m ββ 20 meV .
Observable Model bpf ±1σ [192] bpf ±1σ [193] 3σ range [192] 3σ range [193] [192, 193] As can be seen from Fig. 1 , our model predicts in the benchmark region (18) the values of the effective Majorana neutrino mass parameter in the range 0.0196 eV m ββ 0.0203 eV. This range is within the declared reach of the next-generation bolometric CUORE experiment [194] or, more realistically, of the next-to-next-generation tonscale 0νββ-decay experiments. The current most stringent experimental upper limit m ββ ≤ 160 meV is set by T 0νββ 1/2 ( 136 Xe) ≥ 1.1 × 10 26 yr at 90% C.L. from the KamLAND-Zen experiment [195] .
V. Z GAUGE BOSON PRODUCTION AT THE LHC
Here we compute the total cross section for the production of a heavy Z gauge boson at the LHC via Drell-Yan mechanism. We consider the dominant contribution due to the parton distribution functions of the light up, down and strange quarks, so that the total cross section for the production of a Z via quark antiquark annihilation in proton-proton collisions with center of mass energy √ S takes the form: via the Drell-Yan mechanism for √ S = 13 TeV as a function of the Z mass M Z in the range from 4 TeV up to 5 TeV. We consider neutral heavy Z gauge boson masses larger than 4 TeV to fulfill the bound arising from the experimental data on K, D and B meson mixings [196] . For this region of Z masses we find that the total production cross section ranges from 85 fb up to 10 fb. The heavy neutral Z gauge boson, after being produced, will subsequently decay into the pair of the SM particles, with the dominant decay mode into quark-antiquark pairs as shown in Refs. [9, 197] . The two body decays of the Z gauge boson in 3-3-1 models have been studied in details in Ref. [197] . In particular, in Ref. [197] it has been shown that the Z decays into a lepton pair in 3-3-1 models have branching ratios of the order of 10 −2 , which implies that the total LHC cross section for the pp → Z → l + l − resonant production at √ S = 13 TeV will be of the order of 1 fb for a 4 TeV Z gauge boson, which is below its corresponding lower experimental limit from the LHC searches [198] . On the other hand, at the proposed energy upgrade of the LHC at 28 TeV center of mass energy, the total cross section for the Drell-Yan production of a heavy Z neutral gauge boson gets significantly enhanced reaching values ranging from 2.5 pb up to 0.7 pb, as indicated in the right panel of Fig. 2 . Consequently, the LHC cross section for the pp → Z → l + l − resonant production at √ S = 28 TeV will be of the order of 10 −2 pb for a 4 TeV Z gauge boson, which corresponds to the order of magnitude of its corresponding lower experimental limit arising from LHC searches [198] .
VI. LEPTON FLAVOR VIOLATING DECAYS
Given that the SM-like Higgs boson discussed here is the combination of only ξ η and ξ χ , (for details, see Appendix B), the couplings of the SM-like Higgs boson with charged leptons in the mass basis are included in the three first terms of the Eq. (10). Combining such relations with the definition of the charged lepton mass eigenstates and masses given in formulas (19) and (20) , the couplings h 0 1 ee are included in the following part
We can see that the couplings h 0 1 eiei are exactly the same as the SM prediction in the limit sα, t θ → 0 and cα → 1. Also, there are no lepton flavor violating decays of the SM-like Higgs bosons (LFVHD) h 0 1 → e ± i e ∓ j with i = j at tree level. This is consistent with the latest experimental result, where no signals were found and the upper bound of this decay is [199, 200] .
This feature distinguishes our model from some previous models with discrete symmetry that predicted tree-level LFVHD [143] . However, the SM-like Higgs bosons in our model still couple with the heavy neutrinos through the four last Yukawa terms of Eq. ( (10)). Hence, the LFVHD may arise at one-loop level, as in the models of the standard seesaw, inverse seesaw, and 3-3-1 model with massive neutrinos and inverse seesaw mechanism [201] [202] [203] [204] [205] [206] . While the standard seesaw model predicts suppressed Branching ratios for LFVHD, such LFVHD can reach interesting values of the order of 10 −5 in the framework of models with inverse seesaw mechanisms. Recent studies predict that experimental sensitivities for LFVHD can reach values of the order of 10 −5 in the near future [207, 208] . The one-loop diagrams contributing to the LFV decays of ei → ejγ and the SM-like Higgs boson decay h 0 1 → eiej with i = j are exactly the same as those ones appearing in the seesaw and inverse seesaw versions of the SM. The difference is the neutrino mixing matrix, arising from the linear seesaw mechanism. Hence, it will be interesting to estimate how large the Br(h 0 1 → eiej) can become under the current bounds of Br(µ → eγ) < 4.2 × 10 −13 [209] . In addition, future sensitivities of the LFV decays will be improved, namely 6 × 10 −14 for Br(µ → eγ) [210, 211] , and about O(10 −9 ) for the two decays Br(τ → eγ) and Br(τ → µγ) [212] (for a recent review see, for instance, Ref. [213] ). We will use the approximate formulas for the Br(ei → ejγ) in 3-3-1 models given in Ref. [214] , which were checked to be wellconsistent with the results obtained from exact numerical computation. Other approaches used for discussions of LFV decays of charged leptons in 3-3-1 models were also given previously [28, 215, 216] . Analytic formulas for calculating the one-loop contributions to LFVHD in the unitary gauge are given in Ref. [32, 205, 206] , and were shown to be consistent with previous works [204] . Using these formulas, we only determine couplings between physical states and ignore all Goldstone bosons. From the definition of covariant derivative corresponding to the electroweak gauge group SU (3)L × U (1)X , the covariant part in the covariant derivative Dµ related with the charged gauge bosons in the model under consideration is
Hence the couplings of the SM-like Higgs with the charged gauge bosons are given by:
The matrix U lL in Eq. (19) will be used to change the basis of the left-handed charged leptons from the flavor basis in the physical ones. Specifically, the equivalence of the original basis of the left-handed leptons and the physical one is eLR lL ↔ eL, or eL ↔ R lL eL, while the right handed ones are unchanged. This means that eiL → U lL,ij ejL and eiL → ejLU † lL,ji with i, j = 1, 2, 3. The neutrino mass matrix Mν in Eq. (22) is diagonalized via an unitary 9 × 9 matrix Uν , namely U T ν Mν Uν =Mν = diag(mn 1 , mn 2 , ...,mn 9 ) = diag(mν ,mN ),
wheremν = diag(mn 1 , mn 2 , mn 3 ) andmN = diag(mn 4 , mn 5 , ..., mn 9 ) are the masses of active and exotic neutrinos nL = (n1L, n2L, ..., n9L). They are Majorana fermions that satisfy n kR = n c kL with k = 1, 2, ..., 9. Relations between the interaction and physical basis for the neutrino fields are: (ν C L νR NR) = nRU T ν and (νL ν C R N C R ) T = Uν nL. The couplings of charged gauge bosons with leptons are given by
where the sums are taken for i, j = 1, 2, 3 and k = 1, 2, .., 9, and we have used (ν c i )L = ν C iR . Based on Eq. (10), couplings of SM-like Higgs boson with neutrinos are included in the following interactions:
where the sums are taken for i, j = 1, 2, 3 and k, p = 1, 2, ..., 9. By defining a symmetric coefficient λ kp = λ pk satisfying Eq. (38) can be written in the form
where PL,R = (1 ∓ γ 5 )/2 are chiral operators; and n p,k are four-component spinors of Majorana neutrinos. This form of the couplings hn k np allows us to use the Feynman rules in Ref. [217] for calculating LFVHD at one loop level. Based on Ref. [214] , the branching ratio for the ei → ejγ (i > j) decay takes the form:
where GF = g 2 /(4 √ 2m 2 W ) and Dij is the one-loop contribution due to virtual charged gauge bosons and Majorana neutrinos running in the internal lines of the loops Such contribution can be written as
where
We note that F (x) was given in Ref. [218] . The above formulas were used in the inverse seesaw 3-3-1 models [206] and were confirmed to be numerically consistent with the previous work of Re. [28] . Numerical values of Br(ei → ejνjνi) will be fixed as Br(µ → eνeνµ) 100%, Br(τ → eνeντ ) 17.82%, and Br(τ → µνµντ ) 17.39% [191] . At low energy we take g 2 = e 2 /s 2 W = 4παem/s 2 W , where αem 1/137 and s 2 W 0.231. For the LFVHD, one loop diagrams for Br(h 0 1 → eiej) are shown in Fig. 3 . The decay width for the process h 0 1 → eiej is given by:
with the condition m h 0 1 mi,j being mi,j the charged lepton masses. The corresponding branching ratio is Br(h 0
. The ∆ (ij)L,R functions can be written as follows
where analytic forms of ∆ [32, 205] ). The above formulas were crosschecked using FORM [220, 221] . Numerical input parameters for investigating LFV processes here will consist of the benchmark point given in Eq. (28) which implies that the corresponding values of the physical observables of the lepton sector are automatically consistent with the neutrino oscillation experimental data. The mixing matrix of the charged lepton sector is fixed as given in Eq. (19) . The neutrino mixing matrix Uν and neutrino masses can be numerically determined from Eq. 36, by using the numerical parameters given in (28 as indicated by Eqs. (25) and (26) . Hence we can see the dependence of LFV branching ratios on the heavy neutrino masses, which are related to vχ as shown by Eqs. (25) , (26) and (23) . Besides the two VEVs v φ and vρ that were fixed in the discussion of the charged lepton sector, we choose v ξ = vσ = v φ = λΛ, while the three factors in front of the matrices M1,2,3 in Eq. (23) can be written in terms of y1,2 as follows
where y1,2 ∼ O(1). In our numerical analysis we fix Λ 96 TeV, and the CP-even neutral Higgs mixing parameters are set as follows sα = 0, cα = 1. In addition, we consider values for the Z mass satisfying M Z > 4 TeV, which correspond to a SU (3)L × U (1)X symmetry breaking scale fullfilling vχ > 10 TeV, as derived from the approximate formula M 2 [188] . Numerical results for Br(ei → ejγ) and Br(h 0 1 → eiej) depending on y1 and y2 are illustrated in Table V Table V , we can see that Br(µ → eγ) can reach values close to its recent experimental bound provided that y1 is small enough. On the other hand, Br(h 0 1 → µτ ) can reach O(10 −5 ) values when y2 is large enough, like for example y2 = 4.5 as shown in Table V . Furthermore, increasing y2 will result in larger values for Br(h 0 1 → µτ ). We can see that the Br(h 0 1 → eiej) is enhanced when the heavy neutrino mass mn 4 is increased, which is a generic behavior observed in inverse seesaw models [204, 205] . Because the experiment data favors lower bounds of y1, and the perturbative limit of y L χ and vχ results in upper bounds of y2, there exist upper bounds, which are order of O(10 −5 ) and O(10 −6 ) for the Branching ratios of the two decays h 0 1 → µτ , eτ for the numerical values of the free parameters chosen above. The remaining LFV decays τ → µγ, eγ and h 0 1 → eµ have much smaller Branching ratios than the characteristic sensitivities of current experimental searches.
VII. CONCLUSIONS
We have constructed a viable economical 3-3-1 model where the tiny masses for the light active neutrinos are produced by the linear seesaw mechanism. Our model is based on the A4 family symmetry, which is supplemented by other auxiliary symmetries. The observed pattern of the SM charged fermion masses and fermionic mixing parameters originates from the spontaneous breaking of the discrete symmetries of the model. We analyzed the implications of our model in the lepton flavor violating processes. We have shown that the Br(µ → eγ) can reach values close to the recent upper experimental bounds, thus constraining the values of the two Br(τ → µγ) and Br(τ → eγ) to be much smaller than their corresponding experimental sensitivities. On the other hand, the model allows Br(h 0 1 → µτ ) and Br(h 0 1 → eτ ) to reach the values of about O(10 −5 ) and O(10 −6 ), respectively. We also studied the production of the heavy Z gauge boson in proton-proton collisions via the Drell-Yan mechanism. We found that the corresponding total cross section at the LHC ranges from 85 fb up to 10 fb when the Z gauge boson mass is varied within 4 − 5 TeV interval. The Z production cross section gets significantly enhanced at the proposed energy upgrade of the LHC with √ S = 28 TeV reaching the typical values of 2.5 − 0.7 pb. From these results we found that the pp → Z → l + l − resonant production cross section reach the values of about 1 fb and 10 −2 pb at M Z = 4 TeV, for √ S = 13 TeV and √ S = 28 TeV, respectively. These two values of the resonant production cross section are below and of the same order of magnitude of the corresponding lower experimental limit arising from the LHC searches, at √ S = 13 TeV and √ S = 28 TeV, respectively.
Considering (x1, x2, x3) and (y1, y2, y3) as the basis vectors for two A4-triplets 3, the following relations are fulfilled:
where ω = e i 2π 3 . The representation 1 is trivial, while the non-trivial 1 and 1 are complex conjugate to each other. Some reviews of discrete symmetries in particle physics are found in Refs. [222] [223] [224] [225] . The discrete symmetry A4 was first implemented to the 3-3-1 models in the Refs [226] and [11] .
Appendix B: Higgs sector
The scalar potential of the model is given by:
where S, Si, Sj = ξ, ζ, ρ, ϕ, φ. The expansions of products of the four reps. 3 of the A4 symmetry are defined generally as: For the Higgs sector introduced in this work, the products like [(xz)(yt)] 1 , [(xt)(yz)] 1 ,... are not included in the Higgs potential because we can prove that they are alway written in terms of linear combinations of the seven A4 products given in Eq. B2. Let us note that due to the antisymmetry and symmetry properties of the 3a and 3s triplet components in the products (ξξ) and (ζζ), we obtain (3s3a)1 + H.c. = 0. Hence many terms having this invariance does not appear in the Higgs potential. Therefore, particular cases are written as
The Higgs potential above has a rather large number of Higgs self-couplings. The VEVs chosen in Eq. (8) must satisfy all the minimal conditions of the Higgs potential, namely
The model contains 20 neutral scalar components, where three of them have zero vevs. This leads to 20 minimal Eqs. relate vevs and the parameters in the Higgs potential. We find two equations corresponding to χ 0 1 and ρ 0 3 automatically satisfy. In general, the remaining 18 Eqs. imply that there are 18 parameters can be written as functions of other independent one, without any inconsistencies happening among these relations. In addition, to generate fermions masses being consistent with experiments, VEV parterns of the A4 scalar triplets of the model have been introduced in (11), where some of them are complex and new relations between VEVs are assumed. We will show that there is a simple form of Higgs potential that produces consistent VEVs in this work. In particular, we will work in the decoupling limit, where all quartic couplings of terms consisting of different Higgs triplets vanish, except the two SU (3)L triplets. This avoid lengthy, confused and unnecessary terms. After that, we will give comment for more general cases. The minimal conditions of the Higgs potential reduce to the following relations
for neutral scalars with real VEVs. Next, we consider the two A4 triplets φ and ϕ containing different complex vevs given in Eq. (8) . There are three different minimal equations for φ,
where x1 = cα + e iψ sα, x2 = w cα + we iψ sα , and x3 = w 2 cα + w 2 e iψ sα that satisfies x1 + x2 + x3 = 0. Note that the parameter µ φρ still appears because all squared terms in the Higgs potential are kept. Summing over three right handed sides of three Eqs. in (B6), we will find the simple form of µ 2 φ as a function of the remaining parameters. Using two other independent Eqs., we have
In the same way, the minimal conditions relating to ϕ leading to the following equations
In conclusion, in the decoupling limit, we have found consistent solutions that the minimal conditions of the Higgs potential are equivalent to dependent parameters of the model that can be written as functions of the other without any consistencies with the VEV pattern introduced in this work. If more terms with new couplings added into the decoupling case, these couplings are independent parameters and appear in the right hand sides of Eqs. given in (B5), (B7), and (B8), hence do not give any inconsistencies for the VEV pattern.
To identify the SM-like Higgs boson in this model to the one found experimentally, it is enough to consider the model in the decoupling limit of the SU (3)L triplets with the remaining ones. The neutral CP-even components of the Higgs bosons always contain only one massless state absorbed by the gauge boson X 0 . This state is one of the linear combinations of the two real components R(χ 0 1 ) and R(η 0 3 ), which have zero vevs. More precisely, the model contains two Goldstone bosons GX , G * X ; a neutral CP-odd Higgs boson ha, and a mass eigenstate h 0 3 . Namely, defining t θ = tan θ = vη vχ ,
we have the following relations between the original and the mass eigenstates of the neutral Higgs bosons
The R ζ 2 is one mass eigenstate with mass m 2 R ζ 2 = 2 9 (−3λ)v 2 ζ . The remaining CP-even components of the neutral Higgs boson consist of 8 states
, Rσ, R ξ i (i = 1, 2, 3), R ζ 1 , and R ζ 3 . The squared mass matrix of these states is the 8 × 8 matrix denoted as M 2 h . This matrix has non-zero determination which mean that all neutral CP-even Higgs bosons are massive. In addition, Det[M 2 h ]v η =0 = 0 implies that there is at least one Higgs bosons with mass at the electroweak scale. To illustrate that there is one Higgs that can be identified with the SM-like Higgs boson found by LHC, we consider the simple case where the SU (3)L triplets χ and η decouple with the remaining, namely ληS = λχS = 0 with all S = σ, ξ i , η i . Then, the matrix M 2 h divide into two block-diagonal matrices. The first matrix corresponds to the basis (ξ η , ξ χ ) is
(B10)
The mass eigenstates are denoted as h 0 1 and h 0 2 , which their masses are
These two neutral Higgs bosons have some properties similarly to those discussed in the model introduced in [ , C0 and C1,2. In the limit mi,j 0, their analytic formulas were given in Refs. [32, 205, 228] . These functions are used for our numerical investigation. They were checked numerically to be well consistent with the exact results computed by LoopTools [229] , as concerned in Ref. [230] .
The analytic expressions of ∆ 
+λ 0 kp mn k B
(1)
Appendix D: Couplings revised and one-loop fermion contributions to the ρ parameter
The interactions between fermions and neutral gauge bosons are determined as
where f denotes all fermions in the model under consideration. Ones get
• Electromagnetic interaction as usually: Lem = ef γ µ Qf Aµ .
• Interaction between Z with fermion
where φ is the Z − Z mixing angle given in Ref [188] , s φ ≡ sin φ, c φ ≡ cos φ,
(D3)
The couplings of the Z gauge boson with fermion are presented in Table VI , ignoring mixing of SM and exotic quarks. It can be seen that s φ → 0 when m 2 Z /M 2 Z → 0, leading to the consequence that gL gR for the exotic quarks T, J1,2, as given in table VI. Note that in the limit φ → 0, the couplings of Z to the SM fermions are the same as those of the SM Z boson.
It is worth noting that couplings of Z and Z are related each other by replace c φ ↔ s φ . The couplings of the Z gauge boson with fermion (by replacing c φ → s φ and s φ → −c φ ) are presented in Table VII . 
Note that in both Tables, in dealing with neutrino we have used ν c L ∼ νR. For practical uses, we present neutral currents in the vector and axial forms as follows
where the relation among two kinds of couplings is given by gV = gL + gR , gA = gL − gR .
